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High-energy-resolution core-level and valence-band photoelectron spectroscopic studies were
performed for the heavy Fermion uranium compounds UGe2, UCoGe, URhGe, URu2Si2,
UNi2Al3, UPd2Al3, and UPt3 as well as typical localized and itinerant uranium compounds
to understand the relationship between the uranium valence state and their core-level spectral
line shapes. In addition to the main line and high-binding energy satellite structure recognized
in the core-level spectra of uranium compounds, a shoulder structure on the lower binding
energy side of the main lines of localized and nearly localized uranium compounds was also
found. The spectral line shapes show a systematic variation depending on the U 5f electronic
structure. The core-level spectra of UGe2, UCoGe, URhGe, URu2Si2, and UNi2Al3 are rather
similar to those of itinerant compounds, suggesting that U 5f electrons in these compounds are
well hybridized with ligand states. On the other hand, the core-level spectra of UPd2Al3 and
UPt3 show considerably different spectral line shapes from those of the itinerant compounds,
suggesting that U 5f electrons in UPd2Al3 and UPt3 are less hybridized with ligand states,
leading to the correlated nature of U 5f electrons in these compounds. The dominant final
state characters in their core-level spectra suggest that the numbers of 5f electrons in UGe2,
UCoGe, URhGe, URu2Si2, UNi2Al3, and UPd2Al3 are close to but less than three, while that
of UPt3 is close to two rather than to three.
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1. Introduction
Heavy Fermion uranium compounds show a wide vari-
ety of physical properties such as unconventional super-
conductivity, various magnetic orderings, and their coex-
istence. To understand the origin of these physical prop-
erties, the valence states of the uranium atom, namely,
the number of 5f electrons and how they are hybridized
with the ligand states, are the most essential pieces of in-
formation for modeling their electronic structures. How-
ever, the valence states of the uranium atom, especially
in metallic compounds, are generally unknown owing to
the lack of appropriate experimental methods of deter-
mining them. In the present study, we have explored the
possibility of determining the valence states of the ura-
nium atoms by core-level spectroscopy.
Core-level spectroscopy is a very powerful experimen-
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tal technique for studying the valence states of atoms
in solids.1) The different valence states manifest them-
selves as the binding energy shifts of core-level spectra
due to the different degrees of screening of the nuclear
potential by valence electrons. This is called a chemical
shift, and has been used to identify the valence state of
atoms in solids as well as of molecules. In addition to the
chemical shift, there are contributions of final-state ef-
fects. For example, the core-level spectra of strongly cor-
related materials are accompanied by complex satellite
structures due to the existence of multiple final states
in the photoelectron excitation process. In Fig. 1, the
origin of multiple final-state peaks in the core-level spec-
tra of strongly correlated f electron materials is shown
schematically. In the final state of core-electron emission,
there is a core hole that lowers the energy of the local
f states. If there is considerable hybridization between
f and ligand states, and the energy of the screened final
state (fn+1+core hole) is lower than that of the non-
screened state (fn+core hole), the screened final-state
peak becomes dominant in photoemission spectra. Here,
note that the final state with a lower energy corresponds
to a peak on the low-binding-energy side. In this way,
the core-level spectra of strongly correlated f electron
compounds may have multiple final states depending on
1
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Fig. 1. (Color-online) Origin of multiple final states in strongly
correlated f -electron materials. In the final state, the energy of
f states in the core hole site is lowered by its attractive poten-
tial Ufc. The screening of the core hole potential may occur by
occupying additional f states through charge transfer from the
ligand states depending on the local electronic structure. In gen-
eral, the fn+1 final state becomes dominant in compounds with
strong hybridization. Note that if a material is in a mixed va-
lence state, three or more peaks should appear in the core-level
spectrum.
their electronic structures. If the material is in a mixed
valence state with the fn and fn+1 configurations, three
peaks representing fn, fn+1, and fn+2 final-state con-
figurations can appear in the core-level spectrum. For
cerium-based materials, their core-level spectra consist
of well-separated three-peak structure representing the
4f0, 4f1, and 4f2 final states.2) Their relative energy
positions and intensities are different depending on the
compound, and they have been analyzed using the single-
impurity Anderson model.3) Basic physical parameters
such as the bare f electron energy ǫf , the Coulomb po-
tential Uff , the hybridization strength Vfc, and the num-
ber of f electrons in the ground state can be derived from
their analysis. Therefore, the number of f electrons nf
can be determined by analyzing their core-level spectra.
The core-level spectra of uranium compounds also
show multiple-final-state peak structures, and their
shapes vary widely variations from compound to com-
pound.4) There are a number of studies of their core-level
spectra, but the microscopic origin of the spectral line
shape is not well understood yet. Fujimori et al. studied
the core-level spectra of some heavy-Fermion uranium
compounds as well as their diluted alloys, and suggested
that their core-level spectral line shapes are essentially
governed by the local electronic structure around ura-
nium sites.5) This implies that an impurity model similar
to the model that has been used for Ce-based compounds
is applicable to uranium compounds as well. However,
their peak structures are relatively broad compared with
those of Ce-based compounds, and it is very difficult to
identify the contributions of each different final state.
Since the overall peak structure consists of a relatively
sharp and dominant main line on the low-binding-energy
side and a relatively broad and weak satellite on the high-
binding-energy side, the core-level spectra of uranium
compounds have been analyzed by assuming two differ-
ent final states. Ejima et al.6) analyzed the core-level
spectra of various uranium compounds with two differ-
ent final states. They have interpreted their results with
the Kotani-Toyozawa model,7, 8) which has been used to
describe the core-level spectra of La-based compounds.
On the other hand, systematic photoemission studies of
uranium compounds5) and alloys9) suggested that there
should be more than two peak structures, which however
were not directly observed experimentally. From a theo-
retical point of view, Okada pointed out that at least four
final-state configurations (f2, f3, f4, and f5 final states)
have finite contributions to the core-level spectral line
shape.10) However, a larger number of f electrons (nf=2-
3) in the initial state, and the strong hybridization be-
tween f and ligand states make the number of matrix
elements too large to perform a realistic simulation of
core-level spectra practically. Therefore, it remains to be
understood at present, and the relationship between the
valence state and the core-level spectral line shape has
not been well understood yet, although there have been
some attempts.
In the present study, we have experimentally studied
the core-level spectra of uranium compounds to under-
stand the relationship between uranium valence states
and core-level spectra. The present paper is organized
as follows. First, we study the typical itinerant 5f and
localized 5f compounds to understand the basic behav-
ior of the core-level spectra of uranium compounds. We
take some itinerant compounds to observe variations
within the itinerant compounds. Then, we study the
core-level spectra of heavy-Fermion uranium supercon-
ductors where the valence states are controversial. Fi-
nally, we compare all these spectra and try to under-
stand their electronic structures as well as the valence
states from their core-level spectral line shapes.
2. Summary of Studied Compounds
Table I shows a summary of the physical properties
of the uranium compounds investigated in the present
study.
UPd3 is a localized uranium compound with a 5f
2
configuration.11) Its specific heat coefficient is as small
as γ=7.6 mJ/molK2 since U 5f electrons are com-
pletely localized. In previous angle-resolved photoemis-
sion (ARPES) experiments, it was shown that the nature
of the Fermi surface is governed by non-f states.12)
UB2 is an itinerant compound.
13) Its electronic spe-
cific heat coefficient is a very small since 5f electrons
have very itinerant character. The U-U distance in this
J. Phys. Soc. Jpn. Full Paper Author Name 3
Table I. Physical properties of uranium compounds studied in the present study.
Structure
γ
(mJ/molK2)
Tord
(K)
µord
(µB)
TSC
(K)
localized system
UPd3 hexagonal 7.6
Pauli-paramagnet
UB2 hexagonal 10
UFeGa5 tetragonal 37
antiferromagnet
UPtGa5 tetragonal 67 26 0.25
heavy Fermion superconductors
UGe2 orthorhombic 32 52 (F) 1.48 0.8*
UCoGe orthorhombic 57 3 (F) 0.07 0.8
URhGe orthorhombic 155 9.5 (F) 0.42 0.25
URu2Si2 tetragonal 180 17.5 (HO†) <0.02 1.4
UNi2Al3 hexagonal 145 4.6 (AF) 0.24 1
UPd2Al3 hexagonal 210 14 (AF) 0.85 2
UPt3 hexagonal 420 5 (AF) 0.02 0.4
*Under pressure of 1.2 GPa
†Hidden-order transition
compound is 3.123 A˚, which is much smaller than the
so-called Hill limit (3.4 A˚). It has been suggested that
the direct overlap of the U 5f wave functions becomes
dominant if the U-U distance is smaller than this value.
Therefore, the direct overlap of the U 5f wave func-
tions plays an essential role in its electronic structure.
An ARPES study of this compound showed that U 5f
electrons form itinerant bands near EF, and its band
structure and Fermi surfaces are well explained by the
band-structure calculation treating all U 5f electrons as
itinerant.14) Therefore, U 5f electrons have a very itin-
erant nature in this compound.
UFeGa5 is also an itinerant paramagnetic com-
pound.15) An ARPES study of this compound revealed
that its band structure as well as Fermi surface are well
explained by the band-structure calculation.16) Mean-
while, its specific heat coefficient is considerably larger
than that of UB2, suggesting that the U 5f electrons
are not as itinerant as those in UB2. UPtGa5 has the
same crystal structure as UFeGa5, but it shows antiferro-
magnetic transition at TN=26 K. The dHvA experiment
suggested the itinerant nature of 5f states in this com-
pound.17) Since the U-U distances in these compounds
are much larger than the Hill limit (4.258 A˚ for UFeGa5
and 4.341 A˚ for UPtGa5), the hybridization between
U 5f and ligand states governs their electronic struc-
tures.
UGe2 is a ferromagnetic (F) compound with a Curie
temperature of TC=52 K. It undergoes a superconduct-
ing transition at TSC=0.8 K at a pressure of about
1.2 GPa.18) This superconductivity coexists with fer-
romagnetic ordering. The itinerant nature of the U 5f
states was suggested for UGe2 from both dHvA experi-
ments and transport investigations.19)
UCoGe20) and URhGe21) are ferromagnetic com-
pounds with a Curie temperatures of TC=3 K (UCoGe)
and 9.5 K (URhGe). Both of them exhibit p-type su-
perconductivity below TSC=0.8 K (UCoGe) and 0.25 K
(URhGe), and superconductivity coexists with ferromag-
netic ordering. The nature of the 5f electrons in these
compounds is considered to be itinerant, but their elec-
tronic structures are not well understood yet.
URu2Si2 is a heavy Fermion superconductor with a
tetragonal crystal structure. This compound has been
well known as a compound that shows ”hidden-order”
transition at 17.5 K.22) It undergoes superconducting
transition at TSC=1.4 K. The nature of U 5f electrons
in this compound is still controversial, but the recent
photoemission study showed that U 5f electrons form
quasi-particle bands near EF, suggesting that they have
an itinerant nature.23)
UPd2Al3
24) and UNi2Al3
25) are also heavy Fermion su-
perconductors. They show the coexistence of unconven-
tional superconductivity and long-range antiferromag-
netic (AF) order with relatively large magnetic mo-
ments. Both compounds have a common hexagonal crys-
tal structure in which two-dimensional U and Pd or
Ni layers and Al layers are stacked alternatively along
the c-axis. UNi2Al3 has smaller lattice constants than
UPd2Al3, leading to more itinerant U 5f properties.
This can be inferred from the smaller electronic specific
heat coefficient of UNi2Al3 than of UPd2Al3. An ARPES
study of these compounds revealed that there exist quasi-
particle bands originating from U 5f states.26) Despite
their similarities, their magnetic and superconducting
properties are considerably different. UPd2Al3 exhibits
a simple antiferromagnetic structure with a large static
magnetic moment (0.85 µB) lying in the basal plane. Ow-
ing to the large local magnetic moment and the large
entropy release ∆S at TN, it has been argued that this
magnetic ordering originates from localized U 5f states.
On the other hand, the magnetic structure of UNi2Al3
shows incommensurate SDW-type ordering. Therefore,
different mechanisms have been proposed for the ori-
gin of magnetism in these compounds. The symmetry
of Cooper pairing is singlet in UPd2Al3, although it has
been suggested to be triplet in UNi2Al3.
UPt3 is a heavy Fermion superconductor with a very
large specific heat coefficient of γ=420 mJ/molK2.27)
Recent dHvA experiments have suggested that band-
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Fig. 2. (Color-online) Valence-band spectra (a) and U 4f core-
level spectra (b) of UB2, UFeGa5, UPtGa5, and UPd3 taken at
hν = 800 eV. The horizontal lines in the bottom of the spectra
show the zero lines after background subtraction. The position
of the low-binding-energy shoulder of UPd3 is indicated by the
arrow.
structure calculation with fully itinerant U 5f electrons
gives a rather good description of the observed Fermi sur-
faces.28) However, this extremely enhanced specific heat
coefficient implies that U 5f electrons are located at the
borderline between localized and itinerant states.
3. Experimental Procedure
Photoemission experiments were performed at the soft
X-ray beamline BL23SU of SPring-829) using a pho-
toemission spectrometer equipped with a Gammadata-
Scienta SES-2002 electron analyzer. The energy resolu-
tion was set to be 100-150 meV at hν=800 eV. In this
photon energy, contributions from the U 5f and tran-
sition metal d states are dominant in the valence-band
spectra.30) The position of the Fermi level was deter-
mined by that of an in situ-evaporated gold film. All mea-
surements were carried out at 20 K. Therefore, the mea-
sured compounds were in the paramagnetic phase except
for UPtGa5 and UGe2, which were in the antiferromag-
netic and ferromagnetic phases, respectively. All the sam-
ples were single crystals, and the clean sample surfaces
were obtained by cleaving under an ultrahigh-vacuum
condition. The Shirley-type inelastic background31) was
removed in both core-level and valence-band spectra.
4. Results and Discussion
4.1 Itinerant and localized 5f compounds
First, we discuss the valence-band and U 4f core-
level spectra of the typical itinerant 5f compounds UB2,
UFeGa5, and UPtGa5 and the localized 5f compound
UPd3. Figure 2(a) shows their valence-band spectra. In
the valence-band spectrum of UB2, there is a dominant
sharp peak just below EF. They are contributions mainly
of U 5f -originated bands. In previous ARPES studies
of UB2, clear energy band dispersions with an energy
order of 1 eV were observed in this energy region.14)
This is consistent with the very itinerant nature of U 5f
states in this compound. In the valence-band spectrum of
UFeGa5, there is a predominant asymmetric peak in the
vicinity of EF. According to our previous ARPES study
of UFeGa5, this is the contribution of the broad U 5f
bands with an energy dispersion of about 0.5 eV.16) The
Fe 3d bands are located at approximately EB=1.5 eV.
Meanwhile, in the valence-band spectrum of UPtGa5, a
similar predominant asymmetric peak was observed just
below EF. In addition, there is a shoulder peak structure
at approximately EB=0.5 eV. Since the intensity of this
shoulder structure has the same photon energy depen-
dence of the peak just below EF, this is the contribution
mainly of U 5f states. The band structure calculation on
UPtGa5 in the antiferromagnetic phase shows that par-
tial U 5f density states have similar structures around
this energy range. This suggests that this shoulder struc-
ture originates from the band structure of UPtGa5. On
the higher-binding-energy side (EB=3-7 eV), there are
strong and broad peak structures. These contribution
originates mainly from the U 5f and Pt 5d states, re-
spectively. The peak near EF is narrower than that of
UFeGa5, and this is consistent with the larger specific
heat coefficient of UPtGa5 than of UFeGa5.
In contrast to the itinerant compounds, UPd3 showed
no sharp peak structure just below EF in its valence-band
spectrum. The density of states at EF is very low, sug-
gesting the absence of U 5f -originated bands in the vicin-
ity of EF. Instead, the contributions of Pd 4d states are
distributed in a wide energy range from EB=6 eV to EF,
suggesting that the Fermi surface character is dominated
by Pd 4d states. This is consistent with the localized na-
ture of U 5f states in this compound. Although the con-
tribution of U 5f states is not clearly distinguished in the
present spectrum, it should be distributed in the energy
range of EB=0.5-1 eV, according to previous resonant
photoemission experiments on this compound.32)
Next, we show the core-level spectra of those four com-
pounds. Figure 2(b) shows the U 4f core-level spectra of
UB2, UFeGa5, UPtGa5, and UPd3. The U 4f core levels
have been chosen for the present study because they have
a large photoemission cross section in the soft-X-ray re-
gion, and the lifetime broadening is small enough to ob-
serve their fine structures. In addition, their spin-orbit
splitting energy is as large as about 12 eV corresponding
to the U 4f7/2 and U 4f5/2 components, and this energy
separation makes it possible to distinguish the contri-
butions of each spin-orbit-split component. Both com-
ponents show essentially the same peak structure. It is
shown that the U 4f core-level spectra show a wide vari-
ation depending on their electronic structures. The U 4f
core-level spectra of UB2 consist of a sharp main line with
an asymmetric shape, having a tail toward higher binding
energies. In addition to this main line, there is a satel-
lite structure about 5 to 7 eV below the main line but
with a very low intensity. As for UFeGa5 and UPtGa5,
their core-level spectra also consist of asymmetric main
line and a satellite on the high-binding-energy side. It is
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Fig. 3. (Color-online) Comparison of the U 4f7/2 core-level spec-
tra of UB2, UFeGa5, UPtGa5, and UPd3 taken at hν = 800 eV.
These spectra are aligned so as to match their onsets, and shown
on the relative binding energy scale after background subtrac-
tion.
shown that both spectra have very similar spectral line
shapes. Since the core-level spectra are basically domi-
nated by the local electronic structures around the ura-
nium site, it is quite reasonable for these core-level spec-
tra to be similar to each other. Although their spectral
line shapes are considerably different from that of UB2,
the essential structures of those spectra (i.e., asymmetric
main line and satellite) are similar.
Meanwhile, the core-level spectrum of the localized
compound UPd3 has very complex spectral line shape.
Since the spectral line shape is very different from the
full-multiplet calculation of the U 4f core-level spectrum
of the tetravalent uranium ion,10) it is clear that there are
final state screening effects even in a localized 5f com-
pound. Both the U 4f7/2 and U 4f5/2 spectra consist of
the predominant main line with a relatively broad and
symmetric line shape and the broad and intense satellite
structure with about 5 to 6 eV higher binding energies
of the main line. In addition to this main line and the
satellite structure, a weak shoulder was observed on the
low-binding-energy side of the main line, as indicated by
the arrow in the figure. This is the first observation of
such a fine peak structure in the core-level spectra of
uranium compounds. This is due to the higher energy
resolution in the present experiment (∆E=120 meV)
than in the previous ones (∆E ∼1 eV). Hereafter, we
refer to this structure as the low-binding-energy shoul-
der. The energy separation between the main line and
the low-binding-energy shoulder is about 2 eV, which is
larger than that of the major multiplet splittings of the
multiplet calculation of the U 4f core-level spectrum.10)
Therefore, it is considered that this low-binding-energy
shoulder originates from screened final states rather than
from multiplet effects. The existence of this low-binding-
energy shoulder suggests that an analysis based on two
peaks (main line and satellite) is insufficient to account
for the behavior of the core-level spectra.
To see details of these spectral line shapes, we have
compared the core-level spectra. Figure 3 shows the com-
parison of the U 4f7/2 spectra of UB2, UFeGa5, UPtGa5,
and UPd3. These spectra are aligned so as to match their
onsets, and shown in relative binding energy. It is shown
that the spectra of the itinerant compounds show some
systematic behaviors. The core-level spectrum of UB2
shows a very sharp and almost single-peak structure,
which is close to the core-level spectra of simple met-
als. This suggests that the electron correlation effect is
weak in this compound. On the other hand, the core-level
spectra of UFeGa5 and UPtGa5 are considerably differ-
ent from that of UB2. The main lines of UFeGa5 and
UPtGa5 are broader than that of UB2 only on the high-
binding-energy side. In addition, the main line of UPtGa5
is slightly broader than that of UFeGa5, although their
peak top positions are slightly different. Since these spec-
tra match well in the energy region of EB < 0 eV, these
changes are not due to a simple broadening or a shift of
the entire spectra, but to changes in asymmetry. Thus,
the degree of asymmetry is largest in UPtGa5 and small-
est in UB2. Meanwhile, the main line of UPd3 shows a rel-
atively symmetric and broad line shape. We consider the
origin of the main line asymmetry. The core-level spec-
tra of metallic compounds show asymmetric line shapes
due to electron-hole pair creation in the vicinity of EF
through a core electron emission process. This asymmet-
ric line shape of core-level spectra was formulated by
Doniach and S˘unjic´, and higher densities of states at EF
are expected to cause a more asymmetric line shape.33)
In the present case, the main line is more asymmetric
in compounds with a larger electronic specific heat co-
efficient, which is basically proportional to the density
of states at EF. Therefore, this difference in the main
line asymmetry may originate from the difference in den-
sity of states at EF among these four compounds. Mean-
while, this rule does not hold in general since there is
another satellite on the lower-binding-energy side of the
main line, as in the case of UPd2Al3 shown in the next
subsection. In addition to the main line asymmetry, it
is shown that the satellite intensity is more enhanced in
UPd3 than in other itinerant compounds. Furthermore, it
is stronger in UFeGa5 and UPtGa5 than in UB2, among
the itinerant compounds. The origin of the satellite has
been considered as a poorly screened satellite (fn final
state in Fig. 1), and it has been conjectured that a weakly
hybridized compound shows a higher satellite intensity.
If this is the case, the higher satellite intensities in the
core-level spectra of UFeGa5 and UPtGa5 suggest that
5f electrons in these compounds are not as strongly hy-
bridized as that in UB2. We discuss the behaviors of each
satellite in detail in the discussion subsection.
Thus, it is shown that itinerant compounds and lo-
calized compounds have very different core-level spectral
line shapes. In itinerant compounds, the spectra consist
of an asymmetric main line and a weak satellite on the
high-binding-energy side. The satellite intensity is higher
for weakly hybridized and hence more localized com-
pounds. On the other hand, localized compounds show a
relatively symmetric main line with a shoulder structure
on its lower-binding-energy side. In addition, the satel-
lite intensity is higher than the intensities of itinerant
compounds. They are the basis for the understanding of
other uranium compounds.
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Fig. 4. (Color-online) Valence-band spectra (a) and U 4f core-
level spectra (b) of UGe2, UCoGe, URhGe, URu2Si2, UNi2Al3,
UPd2Al3, and UPt3 taken at hν = 800 eV. The lines at the
bottom of the spectra show the zero line.
4.2 Heavy-Fermion superconductors
Next, we discuss the valence-band and core-level spec-
tra of heavy Fermion uranium compounds. In these com-
pounds, the nature of U 5f states is not yet generally
understood as they are in the itinerant and localized
compounds shown in the previous subsection. There-
fore, it is important to determine their electronic struc-
tures. Figure 4(a) shows the valence-band spectra of the
heavy Fermion superconductors UGe2, UCoGe, URhGe,
URu2Si2, UNi2Al3, UPd2Al3, and UPt3. In these spec-
tra, a relatively sharp peak was observed in the vicinity
of EF while complex multiple peaks were observed on
the high-binding-energy side. These are assigned to con-
tributions of the U 5f bands and the transition metal
d bands, respectively. The transition metal d states are
centered at approximately EB = 1.5 − 4 eV, and they
seem to have relatively smaller contributions to EF than
U 5f states. These valence band spectra are different
from the spectrum of the localized compound UPd3, sug-
gesting rather itinerant natures of the U 5f states in
these compounds. However, U 5f -originated peaks are
sharper than the peaks of the itinerant compounds such
as UB2 and UFeGa5. Therefore, the U 5f states form
narrow quasi-particle bands near EF.
high EB shoulder
low EB shoulder
low EB shoulder
Fig. 5. (Color-online) U 4f7/2 core-level spectra of UFeGa5,
UPtGa5, UGe2, UCoGe, URhGe, URu2Si2, UNi2Al3, UPd2Al3,
UPt3, and UPd3 taken at hν = 800 eV, and their negative second
derivatives. Filled circles and filled reversed triangles represent
peak positions derived from their second derivatives. The posi-
tion of the low-binding-energy shoulder of UPt3 is indicated by
each arrow head.
Figure 4(b) shows the U 4f core-level spectra of
UGe2, UCoGe, URhGe, URu2Si2, UNi2Al3, UPd2Al3,
and UPt3. These spectra consist of a main line and a
satellite as has been observed in other uranium com-
pounds. Except for UPt3, they show a rather asymmet-
ric main line shape. Their overall spectral line shapes
are similar to those of the itinerant compounds UB2 and
UTGa5 rather than that of UPd3, but their satellite in-
tensities are higher in heavy Fermion compounds. This
suggests that U 5f electronic states are not as strongly
hybridized as in these itinerant compounds. The satellite
intensity is the highest in UPd2Al3 among the measured
nine compounds presented in this paper. For the U 4f
core-level spectrum of UPt3, the main line shows a rela-
tively symmetric line shape, and there is a small shoul-
der structure on the lower-binding-energy side, as indi-
cated by the arrow in the figure. The overall feature of
the core-level spectrum is similar to that of UPd3 rather
than to those of the itinerant and other heavy Fermion
compounds.
4.3 Discussion
In the preceding subsections, we have shown the be-
havior of the core-level spectra of various uranium com-
pounds. In this subsection, we summarize the behavior
of the core-level spectra, and attempt to understand the
relationship between the core-level spectral line shape
J. Phys. Soc. Jpn. Full Paper Author Name 7
and its electronic structure. It has been shown that the
core-level spectra of uranium compounds mainly consist
of a dominant asymmetric main line on the low-binding-
energy side and a broad satellite structure located at
about 6-7 eV higher binding energies than the main line.
In addition to these structures, the main lines of UPd3
and UPt3 are accompanied by a shoulder peak on the
lower-binding-energy side.
First, we discuss the behavior of the main line and
shoulder peak structures. To determine their peak po-
sitions, we have taken their second derivatives. Peaks
in the negative second derivative correspond to the
peak positions in the raw spectrum. Figure 5 shows
the U 4f7/2 core-level spectra and their negative second
derivatives of UB2, UFeGa5, UPtGa5, UGe2, UCoGe,
URhGe, URu2Si2, UNi2Al3, UPd2Al3, UPt3, and UPd3.
For UB2, UFeGa5, UPtGa5, UGe2, UCoGe, URhGe,
URu2Si2, and UNi2Al3, the main lines show a rather sim-
ple single-peak structure with an asymmetric line shape.
On the other hand, the main lines of UPd2Al3, UPt3,
and UPd3 are different from the main lines of these com-
pounds. In the main line of UPd3, a shoulder peak is lo-
cated at about 2 eV above the main line. A similar low-
binding-energy shoulder was observed in UPt3 as well
and its energy separation from the main line is about
1 eV. The main line of UPd2Al3 does not show a clear
double-peak structure, but it is broader than those of
itinerant 5f compounds, and seems to consist of double
peaks with a very small energy separation. These results
suggest that the main line consists of two main compo-
nents, and their intensities and energy separations vary
depending on the compound. Since UPt3 and UPd2Al3
have larger electronic specific heat coefficients than the
other uranium compounds, it is expected that the hy-
bridizations between U 5f and ligand states are relatively
weak compared with those in the itinerant or other heavy
Fermion compounds. In particular, UPt3 has a very large
electronic specific heat coefficient, suggesting that the
electron correlation effect is quite strong and therefore
its electronic structure is considered to be close to the
localized limit. Therefore, the peak on the high-binding-
energy side is dominant in localized or weakly hybridized
compounds, while the other peak on the lower-binding-
energy side is dominant in the itinerant compounds. As
hybridization the between 5f and ligand states becomes
strong, the peak on the high-binding-energy side moves
towards lower binding energies, and finally merges with
the peak on the lower-binding-energy side.
Figure 6 shows a summary of the binding energies
of the U 4f7/2 main lines estimated from their second
derivatives. The peak position of α-U is cited from ref.34)
The energy positions of the low-binding-energy shoul-
ders of UPd3 and UPt3, and the high-binding-energy
shoulder of UPd2Al3 are also shown in the figure. It is
shown that the binding energies of the U 4f7/2 main line
of eight of the ten compounds including the itinerant
and some heavy Fermion compounds fall into the en-
ergy window of EB = 376.84-377.33 eV (∆E ∼0.5 eV),
as indicated by region A. In addition, the low-binding-
energy shoulders observed in UPd3 and UPt3 are located
A
B
Fig. 6. (Color-online) Main line energy position of the U 4f7/2
core-level spectra together with the low-binding-energy shoul-
ders of UPt3 and UPd3 and the high-binding-energy shoulder
of UPd2Al3. The main line positions of α-U, UB2, UFeGa5,
UPtGa5, UGe2, UCoGe, URhGe, URu2Si2, UNi2Al3, and
UPd2Al3 as well as the low-binding-energy shoulders of UPt3
and UPd3 are distributed in the energy range of 376.84-
377.33 eV, as shown in region A.
within this energy region. This seems to suggest that
the main lines of α-U through UPd2Al3 as well as the
low-binding-energy shoulders of UPt3 and UPd3 have
the same final state character. Here, we consider the
final state character in this energy region by examin-
ing the cases of α-U, UB2, and UFeGa5. The number of
f electrons in α-U was estimated to be nf=3 from the
electron energy loss (EELS) experiments.35) Meanwhile,
since a very good agreement between the band-structure
calculation and ARPES spectra has been obtained for
UB2
14) and UFeGa5,
16) we estimate the numbers of 5f
electrons in the ground states by band-structure calcu-
lation. The numbers of 5f electrons estimated from the
band-structure calculations are 2.82 for UB2 and 2.89 for
UFeGa5. Thus, we assume that the numbers of 5f elec-
trons in α-U, UB2, and UFeGa5 are close to three. In
the final state of the photoemission process, a strong hy-
bridization between 5f states and ligand states of neigh-
boring 5f states in these compounds leads to the screen-
ing of core-hole potential by the transfer of ligand elec-
trons into lowered 5f states. This results in a dominant
5f4 configuration character of the final state. Hence, the
peaks in region A are assigned to the 5f4 dominated final
state. Here, note that a stronger hybridization between
5f and ligand states leads to more mixed nature of pure
final-state configurations (fn) in each peak than those
observed in rare-earth 4f compounds.
On the other hand, the main lines of UPd3 and UPt3,
and the high-binding-energy shoulder of UPd2Al3 are lo-
cated on the higher-binding-energy side of region A. Al-
though they have different binding energies, their posi-
tions show a systematic behavior. As 5f electrons be-
come well hybridized (in the order of UPd3, UPt3, and
UPd2Al3), peaks move toward lower binding energies.
This suggests that the peaks in region B have the same
final-state character, and that this shift corresponds to
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different hybridization strengths in these compounds. A
resonant photoemission experiment on UPd3−xPtx alloys
shows that their valence-band 5f spectra also show a
double-peak structure with different final states.32) The
peak on the higher-binding-energy side is dominant in
UPd3 while the peak near EF becomes dominant as al-
loys approach UPt3. In addition, the former peak shifts
toward lower binding energies by about 0.4 eV, while the
latter peak stays at EF in going from x=0 (UPd3) to x=3
(UPt3). This behavior is very similar to that of the main
line and low-binding-energy shoulders of UPd3 and UPt3,
suggesting that the main line and the low-binding-energy
shoulder originate from different final states. Here, we
consider the character of the peaks in region B by con-
sidering the case of UPd3. The initial electronic configu-
ration of UPd3 is localized 5f
2, and the most plausible
interpretation of its core-level spectrum is that the main
line and the satellite on the high-binding-energy side are
contributions mainly of the well-screened 5f3 final state
and poorly screened 5f2 final state, respectively. Hence,
the main line of UPd3 can be assigned to the final state
dominated by the 5f3 configuration. A similar splitting
of the main line has been observed in the Ru 3d core-
level spectra of ruthenates, and it has been interpreted
as a different screening number of 4d states in the final
state.36) This is very similar to the present interpreta-
tion.
Accordingly, we have found that there are two main
components in the vicinity of the main line: one on the
high-binding-energy side corresponding to the 5f3 dom-
inant final state and one on the lower-binding-energy
side corresponding to the 5f4 final state. In itinerant
compounds with a nearly 5f3 configuration, the 5f4 fi-
nal state becomes dominant. As the 5f electronic states
become more localized, the 5f3 final state appears on
the high-binding-energy side. In localized or nearly local-
ized compounds, this 5f3 final state becomes dominant.
These behaviors of the main line can be utilized to un-
derstand how 5f electrons are localized or itinerant in
uranium compounds. The main lines of UGe2, UCoGe,
URhGe, URu2Si2, and UNi2Al3 are relatively simple sin-
gle structures located in region A. This suggests that 5f
electrons in these compounds have an essentially itiner-
ant character.
Next, we discuss the behavior of the satellite. It has
been considered that the satellite is a poorly screened fi-
nal state, and it is conjectured that less hybridized com-
pounds show higher satellite intensities. Such a tendency
is observed for the compounds measured in our present
study. For example, the satellite intensity of the localized
compound UPd3 is much higher than those of the itin-
erant compounds and most of the heavy Fermion com-
pounds. However, there are also exceptions. For exam-
ple, the satellite intensity of UPd2Al3 is higher than or
comparable to that of UPd3, although UPd3 is the most
localized compound. Hence, the above generalization is
not a strict rule, although there is such a trend in gen-
eral. Nanba and Okada suggested that the line shape of
non-5f ligand bands may has a strong effect on the line
shape of core-level spectra since the hybridization be-
tween f and ligand states is strong in 5f compounds.37)
Therefore, a realistic model calculation is required to un-
derstand the exact behavior of satellite peak structures.
Although its microscopic mechanism was not fully
clarified in the present study, the existence of a satel-
lite in the core-level spectra of heavy Fermion com-
pounds suggests the correlated nature of 5f electrons
in these compounds. For UPd2Al3, quasi-particle bands
were observed in the vicinity of EF by ARPES experi-
ments, and the overall band structure was well explained
by the band-structure calculation assuming all 5f elec-
trons as itinerant.26) This suggests that 5f electrons have
a very itinerant character in this compound. However,
the existence of a strong satellite in its core-level spec-
trum suggests that 5f electrons are in a much correlated
state. In particular, the similarity of the core-level spec-
tra between UPd3 and UPt3 implies that the 5f elec-
tronic state of UPt3 is very close to the localized limit.
This is consistent with the fact that very large electron
masses have been observed in nearly localized low-TK
compounds.38) Finally, we comment on the valence states
of uranium atoms in these compounds. The dominant
5f4 final state in the core-level spectra of UGe2, UCoGe,
URhGe, URu2Si2, UNi2Al3, and UPd2Al3 suggests the
dominance of the 5f3 initial state configuration in the
ground state. Meanwhile, the finite satellite intensity sug-
gests that there should also be a 5f2 configuration in the
initial state. Therefore, the numbers of 5f electrons in
these compounds in the ground states are close to but
less than three. On the other hand, the number of 5f
electrons in UPt3 and UPd3 in the ground state should
be close to two rather than to three since the 5f3 final
state is dominant in its core-level spectrum.
5. Conclusions
We have measured the valence-band and core-level
spectra of UB2, UFeGa5, UPtGa5, UGe2, UCoGe,
URhGe, URu2Si2, UNi2Al3, UPd2Al3, UPt3, and UPd3.
The results are summarized as follows:
(i) The overall structure of the core-level spectra of
uranium compounds consists of the dominant main line
on the low-binding-energy side and the satellite structure
on the high-binding-energy side.
(ii) The main lines consist basically of two compo-
nents with an energy separation of about or 2 eV or less.
The peak on the high-binding-energy side is dominant
in localized or weakly hybridized compounds whereas
the peak on the lower-binding-energy side is dominant
in itinerant or strongly hybridized compounds. Consid-
eration based on their valence states suggests that the
former is the 5f3 dominant final state whereas the latter
is the 5f4 dominant final state.
(iii) In general, the satellite intensity is higher in more
localized or weakly hybridized compounds.
(iv) The main lines of UGe2, UCoGe, URhGe,
URu2Si2, and UNi2Al3 are relatively simple-single peak
structures located at lower binding energies, suggesting
that 5f electrons in these compounds are well hybridized.
(v) Although the core-level spectrum of UPd2Al3
shows similarity to those of itinerant uranium com-
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pounds, the existence of a very strong satellite and a
high-binding-energy shoulder of the main line suggests
that U 5f electrons have a very well correlated nature
due to the weaker hybridization in UPd2Al3 than in the
other heavy Fermions.
(vi) The core-level spectrum of UPt3 is similar to that
of UPd3 rather than to those of itinerant compounds,
suggesting that the electronic structure of UPt3 is very
close to the localized limit.
(vii) The numbers of 5f electrons in UGe2, UCoGe,
URhGe, URu2Si2, UNi2Al3, and UPd2Al3 are close to
but less than to three. On the other hand, that of UPt3
should be close to two rather than three.
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